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MAGNETIC RESONANCE IMAGING AND ANTHROPOMETRIC 
MEASUREMENTS: A CORRELATIONAL STUDY  
IN FIXED FETAL SPECIMENS 
MARY ELLEN WICKUM 
ABSTRACT 
For many decades the Boston University School of Medicine Department 
of Anatomy and Neurobiology has housed an unprovenienced collection of fetal 
specimens. At least ten percent of the 137 fetal specimens were lost due to 
drying out and other damage. The specimens were stored for many decades in 
individual fluid filled containers. There is no reliable information regarding the 
medical or curation histories of the human fetal specimens. Furthermore, there is 
concern that the fixative may have led some internal structures to shrink more 
than others. At issue was to determine whether the specimens had maintained or 
lost their relationships, and size amongst internal structures.  
In normal fetal development the cerebellum, the femur, and the foot all 
follow mostly positive linear growth with age. Therefore, the purpose of the 
present study was to assess whether these specimens demonstrate anatomical 
correlations that one might find within in utero fetuses.  
This prospective correlation study used MRI images of the cerebellum and 
femur as well as anthropometric measurements of each foot and mass to seek to 
answer this question. A blind, random sample of twenty-five specimens was 
selected from forty-eight specimens roughly grouped by size. The Boston 
  viii 
University Institutional Review Board was notified and, assigned waiver status to 
the application because the specimens were unprovenienced fixed tissue.  
All specimens were magnetic resonance scanned at the Center for 
Biomedical Imaging at the Boston University School of Medicine using a 3.0T 
whole body scanner (Achieva, Philips Healthcare, Best, The Netherlands). All 
scans were acquired using the 8-channel high-resolution head coil made by 
Invivo for the Achieva 3T scanner. 
This study found that the measurements taken from the images, and the 
feet had good intra-rater reliability because paired t-tests did not show significant 
differences between the measurements (alpha (α) < 0.05, all p-values 
were  > 0.17, t-values were less than t-critical, and R2 < 0.02).  
Pearson’s correlation coefficient testing revealed strong positive 
correlation between all the mean measures comparing these three structures: 
transverse cerebellar diameter (TCD), femur length, and foot length 
(α  < 0.05,  r - values were > 0.91, p < 0.001, and R2  > 0.82). Leading us to 
conclude that the dimensions of the soft tissues – TCD; and bone tissues – femur 
and foot of the lower extremities were unlikely to have changed significantly in 
decades of storage.  
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GLOSSARY 
 
Alpha (α):  “the level of significance in a test of 
hypothesis. Defined as the probability of a Type I 
error, or the probability that we reject the H0 when 
H0 is true, P (reject H0 | H0 true)" Sullivan, (2012). 
Alpha is set before running an experiment.  
Confidence Interval:   in the current study α is equal to 0.05, which 
generates 95% confidence intervals.  
Foot Length:  is measured from the back of the heel to 
either the great toe or the second toe whichever 
is longer. 
Diaphysis / Femur Length:   describes the longest measurement of 
calcified bone in the lower extremity. Femur 
Length and diaphysis length are used 
interchangeably in this study. 
Hyperintense/  
Hyperintensities:   refers to areas that appear brighter than other 
areas in a MR image. MR signal intensity varies 
with type of tissue, and the MR sequence that is 
run. See Figure 3 where T2W TSE MR images 
show hyperintense signal in: the fluids 
surrounding the cerebellum, within the ventricles, 
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and orb of the eyes versus the grey matter of the 
brain. 
Hypointense/  
Hypointensities:  refers to areas on an MRI where the contrast 
of one tissue appears darker than another 
structure, and is dependent on the MR pulse 
sequence run. To use a metaphor imagine seeing 
a dark weathered tree trunk next to a bank of 
white snow. In this case the dark tree trunk is 
hypointense compared to the bright white snow. 
This is similar to T2 TSE MRI acquired in this 
study where the presentation of bone is 
hypointense to the cartilage at each end of the 
growing femur (See Figures 1 and 2). 
In utero:  is a Latin term defined as “within the uterus/ 
womb (Taber’s, 2005).” Also refers to imaging 
done during pregnancy i.e. in utero MRI (aka in 
vivo MRI). 
 
Multiplanar Reformatting:  inputs the isotropic 2D MR series and 
reconstructs the data into many oblique views. In 
this study the type used is the 3D MPR run in 
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Osirix. 3D MPR and/or MPR will be used 
interchangeably in this text (See Figures 6, 7, 8).  
OsiriX:  OsiriX Imaging Software is an advanced 
open-source PACS workstation, DICOM Viewer, 
and a multiple modality image processing suite. 
The 32-bit version for basic viewers was used to 
analyze the MRIs in this thesis.  
p-value:  “the exact significance of the data, the 
likelihood of observing the sample data if the null 
hypothesis is true, or the smallest level of 
significance where we still reject the null 
hypothesis (Sullivan, 2012).” 
Pearson’s r:  “Correlation Coefficient — also called the 
Pearson Product Moment correlation coefficient. 
Ranges between -1 and +1 and quantifies the 
direction and strength of the linear association 
between two continuous variables. (Sullivan, 
2012).”  
 
T2W:  T2 weighted MRI image – is defined by 
Bushberg (2012) as having a long TR to reduce 
T1 effects, and a long enough TE to have the 
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fluid in the ventricles more hyperintense than the 
surrounding brain tissue.  
T2 TSE:  In Bushberg’s book The Essential Physics of 
Medical Imaging (2012) page 426-427 he defines 
“T2W contrast for spin echo sequences (TSE) as 
having a long enough TE (>than 80ms), and long 
TR as 2000-4000ms TSE can be double that.” 
For brevity the presented images will be referred 
to as T2 and T2 TSE interchangeably in this 
study.  
TCD:  Transverse Cerebellar Diameter Length is the 
longest measurement taken between the right to 
the left cerebellar hemisphere. This MRI 
measurement is taken in both the coronal and 
axial planes (See Figure 6). 
WL/WW:   Window Length is equivalent to brightness, 
and Window Width is equivalent to contrast. In 
OsiriX there are various ways to set up how the 
images are seen on the screen. In order to 
maintain consistent measurements the default 
setting was used for all images processed in this 
study. 
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INTRODUCTION 
 
A. Brief History of Fetal: Pathology, Ultrasound, and Magnetic Resonance 
Imaging 
Normal fetal development progresses from fertilization through growth of 
an embryo to the fetal period, on to the full term, and birth of a neonate. 
Historically, the study of embryos and fetuses that did not go to term was the 
purview of histology and fetal pathologists. With the advent of medical imaging 
the specialties of clinical, pediatric, and forensic radiology have grown to 
evaluate fetal health or demise. Currently, ultrasound (US) is employed in utero 
in early pregnancy when assessing fetal age and health. When indicated by US, 
magnetic resonance imaging (MRI) is utilized. Computed tomography (CT) and 
MRI are used for virtual autopsies or as supplemental to conventional autopsies 
done by pathologists and medical examiners (Thayyil, 2009). 
Over fifty years ago the first comprehensive paper was published on 
obstetric ultrasound (Donald, et al., 1958). Twenty-six years later images were 
published showing that MRI successfully represented in utero images of the fetus 
and placenta (Smith et al., 1984). During this era MRI went by the name of 
nuclear magnetic resonance imaging. As in the early years of ultrasound the 
initial focus of fetal MRI imaging was addressing maternal health. Early on MRI 
was used diagnosing retained placenta, and other pregnancy and gynecological 
related complaints. Whereas, in the 1990s faster pulse sequences allowed MRI 
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to address detailed issues related to fetal health (Coakley, 2004).  
As US technology improved the imaging modality spread in popularity so 
that it is now ubiquitous for pregnant women to have US prior to childbirth (Woo, 
2006). It is commonly known that US is the primary fetal imaging modality 
because of its safety record, portability, and cost. MRI is used only when 
necessary, and usually not before the second trimester. Most Fetal MRI occurs 
after 18-20 weeks of gestation. Ultrasound (US) remains the clinical workhorse 
for fetal imaging. 
Tilea et al., 2007 evaluated pathological conditions affecting the posterior 
cranial fossa. This compartment of the skull carries the cerebellum, brainstem, 
vasculature, and the roots of several cranial nerves. In their study, in utero 
ultrasound findings were the basis for the referred fetal MRI. Their prospective 
study was performed using fetuses that had confirmed serious congenital 
malformations, and later correlated with fetal pathology results. They noted that 
T1 weighted sequences did not show any of the malformations seen in the T2 
weighted MRI. They stated that MRI was in agreement with pathology findings 
except for very small lesions that were only seen with pathology due to MRI lack 
of spatial resolution. They mention that for some fetal diagnoses US and 3D US 
are sufficient but that the focus of their study was to determine the extent that 
MRI and fetal pathology are in agreement (Tilea et al., 2007). 
Current clinical practice utilizes in utero MRI as a complementary imaging 
modality to get additional information. MRI can provide higher contrast to noise 
  3 
(C/N) than US, which translates into better range of grey scales between tissues. 
This helps in fetal imaging of the central nervous system because there is 
already less differentiation between tissues particularly at younger gestational 
ages when there is little myelin in the immature fetal brain. In utero fetal MRI 
increased in popularity following the advent of faster pulse sequences so that 
fetal sedation is rare now (Amin, et al., 1999). This led to a huge increase in MRI 
studies. A PubMed search for “fetal MRI up to 1990 resulted in 112 papers, 
whereas a similar search up to 2013 resulted in 3687 papers. 
Diagnostic fetal imaging and forensic radiology have both used preserved 
fetal specimens to show other possibilities for MRI imaging. Fixation helps 
medical examiners that want to do brain dissection (Brookes et al., 1996). Fetal 
MRI advancement was focused on how to image a fetus in the early 1990s 
versus now when experienced clinical radiologists need to be cross trained to 
understand how to assess post mortem virtual MRI (Prayer, 2009). In addition, as 
the field strength of the MR scanners has increased the studies have been 
repeated to determine how well the next higher MR scanner field strength can 
detect fetal anatomy. For instance, Hansen P.E. et al., (1993) created an MRI 
assessment of the fetal brain by using 1.5T for fixed and fresh specimens, and 
0.3T for in utero MRI. In 2011 the posterior fossa structures were shown very 
clearly by Liu et al. utilizing 7T MRI. Imaging cadavers at MR field strengths 
higher than 1.5T gives either higher resolution in the MR images or shorter scan 
times. Using preserved specimens allows for even longer acquisition times. 
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There is a rise in virtual autopsy using MRI to address the trend of families 
declining autopsy following termination or stillbirth (Thayyil et al., 2009). In the 
study by Thayyil et al. they compared the diagnostic efficacy of using 9.4T to 
1.5T MRI with conventional autopsy using non-fixed specimens.  
Research MRI studies are done with fixed specimens or with in utero MRI. 
Studies have looked at histology to determine when a structure normally 
appears, and then looked for the lag time in MRI presentation (Chong et al., 
1997; Bendersky et. al., 2006). Another shows additional anatomy with higher 
MRI field strengths by comparing 3T and 7T (Zhang et al., 2010).  
Two studies mentioned further applications of their results should be able 
to help assess preserved fetal specimens. Nakayama and Yamada (1999) 
reported creating a fetal Atlas of the posterior fossa structures created from MRI 
of formalin fixed specimens, however, it was not available for review. A study by 
Croft et al., (1999) indicated that their anthropometric measurements on formalin 
fixed human fetal collection of unknown age, correlated with ultrasound dating of 
the specimens. More importantly Croft et al., also indicated that their results were 
similar to in utero US imaging results.  
 Regardless of whether the field is clinical or forensic research of human 
development has been shown positive relations between measurements of many 
structures as a function of gestational age. Additional regression analysis also 
confirmed without the use of gestational age by Streeter, (1920) for foot as a 
function of crown to rump length (Streeter, 1920) and structures including the foot 
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to mass (independent variable) (Hansen, K. et al.). 
 In research of formalin fixed human fetal specimens, fresh specimens, and 
in utero MRI the above authors did not report correlation results regarding 
whether the brain and body structures are correlated to each other. This is 
central to what this current study aims to explore.  
 
B. Specific Aim 
The present study assessed the efficacy of using the established positive 
sloped regression equations for femur length as a function of gestational age; 
foot length as a function of gestational age; and transverse cerebellar diameter 
(TCD) as a function of gestational age shown in prior research to indicate that 
these three structures have inherent relationships. With this thought we aim to 
assess femur length, TCD length, and foot length in the absence of a gestational 
age due to no reliable provenience of this fetal collection.  
 Could strong positive correlations be found between these three 
structures in any of the Boston University fixed fetal cadavers, which are decades 
old?  
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1. Femur Length 
The reason for picking the femoral length measurement includes: Bone 
cartilage interface is a good marker visually on T2 Weighted (T2W) MRI. Figure 1 
of Nemec et al., (2011) shows a sagittal image of a fetus in utero. Nemec et al. 
describe the hypointense femur capped with hyperintense cartilage. In addition, 
they stated that “Currently, the stages of bone development on MRI are not 
entirely known for human foetuses, and there is only initial experience in the 
visualization of foetal bones.” Applegate, (2004) discusses animal research by 
Connolly et al., and its impact for fetal MR imaging. The images from Connolly et 
al., (2004) show the femurs from pigs including clear presentation of the low 
signal intensity of the diaphyseal bone and high signal of the distal and proximal 
cartilage-filled epiphyses. In the paper by Nemec et al. they mention a need for 
more work on fetal skeleton MRI. Given a need for better understanding of the 
fetal skeleton, and that there was a seven year gap between these papers 
supported the choice of femur in this study.  
Another reason for picking the femur is because it is not affected as much 
in fetuses with growth restrictions (Callen, 1988). Growth restrictions occur when 
a fetus cannot grow to its genetically primed size due to many illnesses or by 
substance abuse by the mother. Krakow et al. 2009 mention a way to verify 
normal fetal growth by suggesting use of a ratio between foot and femur lengths. 
When the ratio is close to one there is normal growth, below one there is a 
problem. 
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The femur was picked because as a hard tissue it was less likely to shrink 
after decades in preservation liquids. Selection of the femur seemed prudent 
because of it is one of the largest bones in the body, and has been studied 
extensively. Another reason is because many clinical imaging studies (Chitty, 
2002; Hern, 1984) are also used by the forensic community for post mortem 
assessment. Finkbeiner et al., (2009) give a detailed review of imaging and 
forensics in their book The Juvenile Skeleton. 
 
2. Transverse Cerebellar Diameter (TCD) 
One structure that could show shrinkage after being subjected to formalin 
was required. The structures of the fetal brain and central nervous system were 
shown and assessed by Catherine Garel, M.D. in the 2004 translation of her 
book, MRI of the Fetal Brain: Normal Development and Cerebral Pathologies. 
Garel gives imaging planes, measurements, growth charts, and then covers 
major fetal pathologies as seen in MRI in this book.  
For the purposes of this study it was important to identify a structure or 
structures that could be vulnerable to shrinkage from curation techniques to  
assess possible impact of decades of immersion in fixative. The choice of a brain 
tissue structure was reviewed in depth. The structure had to present early 
enough histologically that even with a MRI lag time it would be identifiable in 
many of the specimens. Images of the cerebellum clear enough to measure the 
TCD was not guaranteed. All the specimens in the sample appeared to be in a 
range from the second trimester to early in the third trimester. The literature did 
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show identification of the cerebellum in specimens as young as seventeen weeks 
(Moreira et al., 2010) which combined with the straightforward presentation 
shown in articles and books measuring the cerebellum would be time consuming 
but possible. 
 There is not agreement on whether the TCD can be helpful for fetuses that 
have various growth restriction disorders. In the field of fetal imaging there was a 
polarized debate over use of the TCD in cases of fetuses that are small for 
gestational age i.e. affected by intrauterine growth restriction (IUGR). Hill et al., 
(1990) stated strongly against the TCD being used with IUGR fetuses. Where as, 
Lee et al., 1991 and Reece et al., (1987) recommended TCD use. Another 
remained neutral (Campbell et al.1994). 
There also has been discussion regarding whether the cerebellum grows 
linearly with respect to development or not. In a study by Pinar et al., (2002) on 
an archival collection that lacked provenience, they showed that TCD grew 
linearly in relation to gestational age, and correlated strongly with brain mass. 
Measurements of the actual cerebellum tissue showed a linear relationship even 
in the near to term fetuses. They demonstrated the TCD continued to grow with a 
linear relationship to gestational age through to term Thus, the study by Pinar et 
al, (2002) suggested that the cerebellum is resilient. The work was done on 
actual brains, so it is possible that the slower cerebellar growth in the later third 
trimester may have another reason. 
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In ultrasound (US) the development of neurocranial bone affects the ability 
to get good measurements of the posterior fossa near birth. Verburg et al., 
(2008) have US charts from their population-based cohort study. Initial 
permissions were collected for over 8000 participants in a longitudinal study 
called Generation R in the Netherlands. (Study based on n > 3000 in utero US 
exams) that have a gentle linear or non-linear positive slope from 16 to 
approximately 28 gestational weeks; after that to term there is a more 
pronounced slope curving upwards till term. Their thought is that the bone 
covering the brain in near term fetuses may be distorting the US signal, which is 
another reason MRI is ordered when the posterior fossa needs to be assessed in 
near term fetuses. However, in a study of over 500 in utero fetuses a MRI study 
by Tilea et al., (2009) show charts that appear to illustrate a linear relationship 
between size of TCD and gestational age for 26 to 40 weeks. They also showed 
that there is agreement between MRI and US aging results using the TCD. 
 
3. Foot Length  
 
The foot was chosen because it has been studied extensively, and is used 
as an anthropometrically reliable structure with a positive linear relationship 
between foot size and gestational age (Hansen, K. et al., 2003). In addition to a 
positive correlation between foot size and gestational age Mandarim-de-Lacerda, 
(1990) also showed that the distribution was normal. Medical Examiners and 
Forensic textbooks utilize charts that Streeter first reported in 1920 (Finkbeiner, 
2009 Table B-5 pg 337).  
  10 
In a study of post mortem fetal cadavers Drey et al., (2005) state that the 
foot is often chosen because it is available, mostly intact, and combined with 
accurate US gestational aging assessment has far less variability than Last 
Menstrual Period (LMP) dating alone. Drey (2005) discusses the medico-legal 
aspects of determining gestational duration prior to abortions. As well as to 
determine in criminal cases whether a fetus was viable, stillborn, etc. 
 
BACKGROUND 
 
A. Review of Fetal Femoral Anatomy 
 Like most long bones, the femur is divided into three discrete regions: the 
shaft or diaphysis, the articular ends or epiphyses and an intermediate segment 
called the metaphysis. Diaphyseal length is measured from the transition lines 
between cartilage and less intense calcified bone. In an adult the femur length 
includes the fused metaphyses. However, during fetal development the diaphysis 
of the femur becomes bone earliest. In this study bone is defined as the 
hypointense area sandwiched between two bright or hyperintense cartilage ends 
seen in T2 weighted TSE MR images which are created with 3D Muliplanar 
Reformations (MPR) in OsiriX (See Figure 1). When reviewing the images the 
femur is encased in the upper leg. On T2 weighted MRI the femur is hypointense 
to the muscles in the thigh, and even more hypointense to the cartilaginous areas 
of the epiphyses.   
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Figure 1: Fetal Femurs in T2 TSE MRI MPR of specimen 21. A: Sagittal view of 
the femur. There is T2 hypointense signal in the diaphysis (arrow), and 
hyperintense signal at the cartilaginous epiphyses (arrow heads). B: Coronal 
view shows the same. C: Axial view of the femurs hypointense (arrows) to the 
encircling thighs. 
 
 
The fetal femur starts as a completely intramembranous and cartilage 
model presenting in the late first trimester (embryonic period) at about six 
gestational weeks after fertilization. At the beginning of the second trimester 
(fetal period) approximately eight gestational weeks since fertilization these 
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cartilages begin to ossify. The primary ossification center presents centrally as 
the diaphysis, and subsequently converts cartilage to bone in the process called 
intramembranous ossification in which the thickness of the compact bone of the 
shaft is remodeled by appositional bone growth and resorption. In the time period 
following birth the secondary ossification centers present within the cartilage of 
the metaphyses eventually pushing out this zone of calcification to what is 
commonly called the growth plate or epiphyseal plate, and finally bonding in early 
adult years. (Concepts in this section are paraphrased from Moore et al., 2013; 
Sadler and Langman, 2006). The particular schedule of appearance and 
ossification of the bones of the human skeleton is bone specific and may not 
complete until the early thirties. 
 In the book The Developing Human  : Clinically Oriented Embryology (9th 
ed.) on page 347 Moore et al., (2013) illustrate this process by showing hyaline 
cartilage as light pink colored areas at the epiphyses at the ends of the 
developing diaphyseal shaft. They show the areas of calcified hyaline cartilage 
as purple areas, and deposited periosteal bone as cream areas with a cut away 
to illustrate the vessels within the diaphysis i.e. the site of primary ossification. 
See Figure 2 Box B below for an adaptation of a diagram from Moore et al 
(2013).  
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Figure 2: Fetal Femur MRI and Ossification of Diaphysis. 
A: Appearance of fetal femur on MRI. Two-dimensional T2 weighted MRI of the 
left femur of specimen nine (46.4 mm). Diaphysis (white arrow) is hypointense to 
the proximal and distal cartilaginous epiphyses (colored arrows) on T2 MRI.  
B: adapted figure and description from page 346-347 of Moore et al, (2013). 
Uncalcified hyaline cartilage (UHC) The burgundy line illustrates the area of 
calcified hyaline cartilage (CHC) (the future epiphyseal growth plate), and this 
creates the lengthening diaphysis. The beige central area denotes subperiosteal 
bone, which increases the diameter of the bone. The subperiosteal bone 
presents as hypointense signal on T2 MRI. This corresponds to the diaphysis on 
Image A (white arrow), Whereas, the UHC correspond to epiphyses in Image A 
(colored arrows).  
 
Figure 2  juxtaposes the presentation of a fetal femur on MRI with the 
histology based diagram. The only femur ossification forming at this stage of 
development is within the diaphysis since the secondary ossification centers do 
not present within the epiphyses until near birth, therefore, the terms diaphysis 
and femur are used interchangeably in this thesis.  
  
  14 
B. Review of Cerebellar Anatomy 
 The cerebellum is a phylogenetically ancient part of the central nervous 
system. It is responsible for integration of sensory perceptions into the 
modulation, and refinement of motor activities. It occupies the posterior cranial 
fossa of the skull, and connects to the brainstem near the pons by two thick 
trunks of axons called cerebellar peduncles. It is composed of three main 
sections: left and right hemispheres, and the unpaired midline vermis. The vermis 
of the cerebellum is seen best midsagittally because it is centered between the 
right and left cerebellar hemispheres. Damaerel, (2002) states that the vermis 
originates at approximately 16 weeks gestation, and delineates problems from 
lack of normal development by analyzing the fetal folia and fissures. The fetal 
presentation of the vermis is different from adults in that it is smoother with less 
definition. The lobules with the fissures separating them take time to develop so 
there is not the same arbor vitae presentation midsagittally as seen in adults. 
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Figure 3: Fetal Cerebellar Anatomy specimen one. The cerebellar and 
adjacent anatomy is presented in three orthogonal views. 
A: Coronal view of the brain. The slice is positioned at the level of the atria of the 
lateral ventricles. Note: damage to the skull superiorly B: Axial view. C: Sagittal 
view. Damage can also be seen at top of skull. 
 
 
 In the axial view of the brain the posterior fossa is contained within the 
hyperintense fluid signal surrounding the cerebellar hemispheres. Structures 
relating to cerebral spinal fluid are labeled in shades of blue. In addition, Figure 3 
shows a sample measurement done on fetal specimen number one. The TCD 
measurement is made on both the coronal and or axial plane. See the lime green 
line drawn from one cerebellar hemisphere to the end of the other, and the 
measurement given in maroon box. Coronal TCD is 17.2 mm, and Axial TCD is 
17.5 mm. 
The following were excellent resources to help get deeper understanding 
of fetal neuroanatomy. Interlibrary loan made it possible to study an out of print  
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Development of the human foetal brain by Feess-Higgins and Larroche (1987) 
who show detailed photographs of brain slices showing that the cerebellar 
hemispheres appear at ten weeks. Their atlas shows the progression to forty 
weeks from LMP (12-38 from fertilization). Larroche co-authored the new Atlas of 
Fetal and Postnatal Brain MRI by Griffiths et al., (2010). Professor Larroche’s 
diagrams and histologic slice photo were central to this new work. However, 
Griffiths et al., (2010) chose to cover nineteen weeks from LMP to twelve months 
after birth because MRI is most often used after 19 weeks. The images they 
made from fixed fetal specimens with comparisons of in utero MR images, and 
histology line drawings help clarify the critical concept that fetal anatomy is a 
constantly changing target with many individual variations in anatomic structure. 
 
C. Preliminary Scans  
Preliminary imaging was performed to establish the optimum parameters 
for tissue contrast, suppression of artifacts due to formalin, and minimizing series 
scan time.  
In those scans, specimens were immersed in 10% buffered formalin inside 
a plastic bottle. Susceptibility artifacts were troublesome. Subsequently imaging 
of the specimens was performed inside empty zipper storage bags. However, it 
was noted that formalin pooled along side beneath the fetus and thus in three-
dimensional (3D) volume renderings beginning of the skin in wet areas were 
obscured due to the formalin/water signal. Finally the specimens were placed on 
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a carved and perforated foam base that held it in place, and allowed the residual 
10% buffered formalin solution to drain down away from the specimens skin. 
We also explored much higher resolution scans, using long scanner 
sessions, attempting lengthy 3D scans until it appeared that 2D isotropic scan 
protocols would give better multiplanar reformatting (MPR) during post-
processing. T1 weighted images were produced using an inversion recovery 
pulse sequence showing excellent structural anatomy. This would be a good 
protocol to use for review of sulcation of the fetal brains. Later some proton 
density weighted images were collected that appeared stunning until trying to use 
them in the 3D MPR. Stair-stepping artifacts made the MPRs unusable except for 
the in-plane view. The cardiac coil was used to image more than one fetus at a 
time, however, the signal received wasn’t uniform. Additionally, we got better 
signal for the very small fetuses in the knee coil but we wanted our protocol to 
use one coil for all acquisitions, and due to a few larger fetuses we chose the 
head coil for this study. These results from the preliminary work were vital to 
working out many technical, and practical difficulties in order to progress to this 
study.  
 
D. Fetal Collection History  
The experimental material was selected from a large unprovenienced 
collection of preserved human fetal specimens that resides in the Department of 
Anatomy and Neurobiology. The collection has been in existence for decades, 
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and is not associated with ANY reliable written documentation aside from the odd 
tag or inscription.  
It is likely that the collection was retrieved from the old Anatomy Museum, 
which was housed in the now demolished Medical School Instructional “Building 
C.”  Dr. Flexner reported favorably on the Anatomy Museum in the 1910 Report 
(Flexner, 1910). 
Although it is not certain, it appears that the specimens were maintained 
somewhat haphazardly, and fixatives changed infrequently. As a result some of 
the specimens were dried out or simply unusable. For the most part the 
specimens appear to have been stored in a 10% solution of formaldehyde and in 
some cases this fixative had become quite acidic over time (pH5 or less).  
The inventory of this fetal collection began in 2011. Old fixation fluids were 
sampled for future analysis. Specimens were rehydrated for a few weeks, next 
anthropometric measurements were made, and then specimens were placed in 
10% buffered formalin. A fetal collection number was assigned, logged on the 
intake form, and a label with the number was placed on the jar of each specimen. 
Inventory numbers were assigned starting at FC-001. The smallest specimens 
were inventoried first. As the inventory progressed the size of the specimens 
increased with largest specimens inventoried last. Thus by knowing the fetal 
collection number, one could have a general understanding of specimen size.  
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The following table notes the loss of approximately 14 specimens due to 
damage from storage. There are approximately 18 non-human fetuses, and 
around 105 human fetal specimens in the collection. 
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Table 1: Fetal Collection Inventory and Sample Selection. Table details the 
inventory done when the Forensic Anthropology Wet Lab began to restore the 
collection approximately two years ago, and sample eligibility for MRI. 
  
 
Some specimens were put in a solution of glycerin and polyglycolated 
ether (presentation fluid) to rehydrate them where possible. After two weeks all 
remaining specimens were put in 10% buffered formalin. The collection also 
contains some special preparations that are stored in methyl salicylate and 
benzyl alcohol.  
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MATERIALS AND METHODS 
 
A. Subjects and Ethics 
This was a prospective correlational study on fixed cadaveric human 
fetuses that used MRI images of the cerebellum and femur as well as 
anthropometric measurements of each foot and mass to seek to answer this 
question. The Boston University Institutional Review Board was notified and, 
assigned waiver status to the application because the specimens were 
unprovenienced fixed tissue.  
Specimens were inspected visually for damage, presence of extremities, 
and size. Inclusion criteria included: Non-dissected specimens, no gross 
deformities, with head, body, and at least lower extremities intact. Ideally all 
specimens would be 12 gestational weeks or older. This resulted in 48 
specimens left from which to select the sample (see Figure 4).  
The group of 48 was subdivided to get good representation of the sizes of 
the specimens. Another person selected a blind, random sample of 25 
specimens from these 48 specimens. Prior to selection the original fetal 
collection label number was obscured to maintain the “blindness” of the selection 
process, and be blinded regarding the information given by the jar number.  
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B. Image Acquisition Techniques 
All specimens were MR scanned at the Center for Biomedical Imaging at 
the Boston University School of Medicine using a 3.0T whole body scanner 
(Achieva, Philips Healthcare, Best, The Netherlands). All scans were acquired 
using the 8-channel high-resolution head coil made by Invivo for the Achieva 3T 
scanner. 
Fetal specimens were placed head first into the scanner in an 
approximately supine position. The series were acquired in the sagittal plane 
from left to right. The pulse sequences were T2 weighted (T2W) Turbo Spin Echo 
(TSE) two-dimensional (2D) isotropic scans.  
To minimize the complexity of the protocol, the head coil was used for all 
25 specimens. Therefore the field of view was limited to the size of the head coil. 
Small specimens were elevated and centered within the head coil to help 
improve signal reception. This protocol required that each of the 25 fetal 
specimens be scanned first with a voxel dimension of 0.9 mm x 0.9 mm x 0.9 
mm. If image quality was insufficient to visualize diaphyseal borders or cerebellar 
structures then the voxel size was reduced to 0.7 mm x 0.7 mm x 0.7 mm, and 
scan time was increased accordingly. The use of a 3T research MR scanner with 
powerful gradient system, isotropic voxels, and consistently applied protocol 
permitted seamless MPRs for use in post-processing for all but the smallest 
specimens (See Table 2 below and Appendix B1-3 for the protocol). 
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Table 2: MRI Technique. Comparisons of the protocol versus an actual 
specimen scan. Slight changes in parameters are explained by differences in 
specimen size, and MRI technique modifications to guarantee optimal scan 
parameters for each specimen 
 
Images were then collected to the main data storage at the CBI scanning 
facility. The Digital Imaging and Communications in Medicine (DICOM) files, and 
directories were transferred to a portable flash drive after each scanning session. 
A backup copy of the data was placed on an offsite computer for safekeeping.  
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C. Anthropometric Techniques 
All specimens received three rounds of physical measurements in Boston 
University School of Medicine (BUSM) in the Forensic Anthropology Procedures 
Lab. Left and right foot measurements, and mass were recorded for in a 
notebook for each of the 25 specimens. After a complete round of measurements 
were made, they were obscured from view to prevent bias during future rounds. 
Measurements were later entered into a spreadsheet for subsequent analysis.  
Foot length measurements were made with digital calipers to the nearest 
0.01 mm. The calipers were positioned to include the distance between the back 
of the specimen’s heel to the end of either the great toe or the second toe 
whichever was longest. Care was taken not to depress the surfaces of the foot 
while making measurements. Some specimens required that the foot be held in a 
sagittal orientation due to the flaccid nature of those specimens. 
Specimens were weighed on an Ohaus triple beam balance and a small portable 
digital scale. However, two of the largest specimens exceed the digital scale 
capacity. Weight data were not used in this study due to time constraints.  
Each initial individual measurement is identified as occurring at time point 
one (TP1). After all 25 specimens were finished, TP1, the first round of 
measurements was complete. Once the TP2 and TP3 were complete, evaluation 
of the rater’s accuracy and precision was evaluated. 
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The first round was spent working on improving anthropometric technique. 
See Appendix A for the TP2 and TP3 left foot data. Which is only reported for the 
left foot because the mass measurements will be accessed in a future study.  
 
D. Image Processing Techniques 
 
Images were processed on an independent computer using OsiriX Version 
5.6 (32-bit version) on a MacBook Pro (2.3GHz Intel Core i7, 8 GB random-
access memory), Apple Inc., Cupertino, CA, USA. No upgrades were made to 
these programs during image and data analysis. 
A checklist was created to assess the structures position, size, and 
describe any remarkable findings using a spreadsheet from Microsoft Excel for 
Mac 2011, Version 14.3.5, Redmond WA. (See Appendix A for an example).  
The first step in evaluating the MR images was to view the series using 
the OsiriX DICOM viewer to verify whether the cerebellar vermis, and/or femurs 
could be seen on the 2D images. Many of the specimens had been fixed in 
contorted positions making it difficult to readily see these structures (Figure 4). 
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Figure 4: Two-dimensional T2 TSE MR image of specimen 9.  A 2D image 
does not represent the 3D anatomy well. In this example it is unclear which part 
of the legs, and which side are shown. The green scale on left is 10 cm long.  
 
  Next a 3D Volume Rendering (VR) was constructed in OsiriX. This sort of 
reconstruction assembles a calibrated surface, and volume rendering of the 
selected series from the 2D images. Static images were saved in lossless 
Tagged Image File Format (TIFF) for later reference. Specimen number nine is 
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shown again in Figure 5 below in a more recognizable body position using a 
static 3D VR image.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Three-dimensional Volume Rendering (VR) of specimen 9. 
Superior (S), Inferior (I), Anterior (A), and Posterior (P). This 3D VR shows 
the right leg and foot (White arrow) crossing below the projecting left leg. For 
scale the left foot measured 54 mm. The specimen was scanned in a supine 
position with the head first. Therefore, the perforated foam base kept the fluids 
draining away, and collecting at the bottom of the base posterior to the specimen 
(single black arrow). The umbilicus is draped over the right abdomen, and down 
to the foam base (double black arrows). Note: In this 3D VR a B/W Inverse color 
look-up table was selected. 
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 Next the 3D multiplanar reformation (MPR) is opened and compared with 
the 3D VR to navigate more easily through the MPR to then be able to identify 
the vermis, TCD, and both femurs. Following each MPR measurement, a screen 
grab and a DICOM stationary image were made for future reference.  
  
1. Transverse Cerebellar Diameter Measurement 
 For the TCD the first step was to examine the 2D sagittally acquired scans 
for signs of the cerebellar vermis.  
 Next 3D MPR were created using the default window level (brightness) 
and window width (contrast) (WL/WW). Next scroll through the reformatted 
images to identify the midsagittal plane, and position the intersecting lines “cross 
hairs” over the middle of the vermis (See Figure 6 Box C).  
 
 
Figure 6: Multiplanar Reformatting Transverse Cerebellar Diameter (TCD) of 
specimen 21. In order to generate standard measurement planes for all 
specimens 3D multiplanar reformatting (MPR) was done using OsiriX. The 
sagittal plane (C) was used to define the coronal plane and axial planes using 
cross hairs centered on the vermis as centrally as possible.  
A: Coronal plane green line extending from right to left cerebellar hemispheres 
gives measurement of TCD as 16.3 mm; B: Axial plane green line measures 
TCD 16.4 mm; and C: Sagittal plane the crosshairs are set up on the vermis.  
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 Additionally, on the axial views the sagittal plane line (blue) is positioned 
so that the axial slice is divided symmetrically between the middle of the 
cerebellum, and eyes (See Figure 3 image B). At this point the orthogonal 
orientation should be achieved. Once this line up is complete the TCD will be 
seen in both the axial and coronal MPR views.  
The axial and coronal views were reviewed to identify cerebellar 
boundaries beyond the hemispheres. Most images have areas of hyperintense 
signal beyond the cerebellum making most cerebellar hemisphere borders easy 
to identify. Next take and record the measurements of the transverse cerebellar 
diameter (TCD) in both axial and coronal planes. The lime green lines and 
measurements in Figure 6 A and B illustrate how the line and tool information is 
preserved in a TIFF file. The measurements are erased from the DICOM images 
after recording the measurement to prevent influence during the next set of 
measurements.  
In the smallest specimens formalin drained off during the interval prior to 
getting MRIs done. It was unclear if earlier damage (external or internal) may 
have caused this drainage. With a few of the smaller specimens it was helpful to 
verify the cerebellar boundaries by checking the measurements again with the 
Inverse B/W CLUT.   
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2. Femur Measurement  
 
Femoral measurements were first attempted from the 2D T2TSE MR 
series. If femur(s) were visible they were recorded then deleted from the MR 
image. Figure 2 depicting femoral anatomy was from a 2D series.  
Next the 3D MPR was created using the default window level (brightness) 
and window width (contrast) (WL/WW). Figure 7 below shows the full OsiriX MPR 
window. Note the orthogonal relationships are with respect to the femur. 
 
Figure 7: Multiplanar Reformatting Femur Length of fetal specimen 18. Due 
to the positioning of the specimens the reference planes were defined in relation 
to the femur. A: Sagittal view of right femur bisected by the coronal plane (purple 
line), and axial plane (blue line). B: Coronal view of right femur bisected by 
sagittal (orange line) and axial (blue line) planes intersecting through the femur 
(25.9mm). C: Axial view with reference to the thighs and femurs. Right femur 
bisected by the sagittal plane (orange line) and the coronal plane (purple line).   
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The axes were then set to the center of the axial slice of the femur. The 
maximum length of the femur is identified, recorded, screen grabbed, saved in a 
TIFF, and an OsiriX DICOM static image made for later use. All measurements 
on the MR series were deleted to avoid seeing them at the next measurement 
round. 
 
 
 
Figure 8: Measuring MPR of Femur of specimen one. Measurement is taken 
from distal epiphyseal junction of the cartilage/diaphysis to the proximal junction 
of the diaphysis/cartilage with line tool. 
A: Sagittal view of diaphysis. Length is shown with green line 29.9 mm,.  
B: Coronal view of femur. Length is shown with the green line  29.2 mm .  
C: Axial view with the orthogonal plane tools centered on the femur. These 
images are shown close to scale. 
 
 After MR imaging data collection was complete, and before statistical 
testing the MRIs of many specimens were reviewed with both a Radiologist and a 
Pediatric Neuroradiologist. Following consultation three fetal specimens were 
excluded from this study. The study began with n = 25 specimens, and this left 
n = 22 for statistical analysis.  
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Fetal specimen number 10 was notable as the only specimen that did not 
have a cerebellum visible on MRI. Specimen number 10 had a homogenous 
brain presentation. No regular neuroanatomy was present. 
Fetal specimen number 12 was excluded because the cerebellum 
presented in such a different way because of the young age that a comparable 
TCD measurement could not be made. 
Fetal specimen number two had femurs that did not show a clear cartilage 
bone border, and prevented obtaining valid femur measurements. 
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E. Statistical Analysis: 
 
1. Intra-rater Reliability Testing 
Were the foot, femur, and TCD lengths measurements at all time points 
made such that the groupings were not meaningfully different? Note: Hypothesis 
testing concepts and design from Essentials of Biostatistics in Public Health, 2nd 
ed. Sullivan, (2011). 
 
Let H0 = Null Hypothesis 
Let H1 =  Experimental Hypothesis 
Let colon symbol : equal “such that”  
 
Hypothesis and Level of Significance: 
H0: the mean difference =  0 
H1: the mean difference ≠	 0 
α = 0.05 
Decision Rule: Two-tailed paired t-test; df feet = 24, df femurs/TCDs = 21; 
critical values for t are below. Since n < 30 the t-test statistic will be used. 
 
t (for feet) ≤ 2.064 or if t ≥ 2.064 
Reject H0 if t (for femurs; TCDs) ≤ -2.080 or if t ≥ 2.080  
  
  34 
Measurements of the twenty-two specimens will be analyzed to determine 
whether the two rounds of measurements were done reliably a two-tailed paired  
t-test for related samples with alpha (α) set equal to 0.05 will be run in Excel as 
soon as there are two rounds of data finished. If the results do not show 
significant differences between each set of repeated measurements then the 
calculated p-value will be greater than 0.05, and no additional rounds of 
measurements will be required. With the foot and mass measurements three 
rounds will be done because taking the physical measurements will require a 
round to learn the technique, and then to repeat well in successive rounds. 
First step run paired t-tests for the following structures to determine if 
there is or is not a significant difference between measurements done on: right 
versus left foot measurements done at TP1; or between the right versus left 
coronal femurs done at TP1; or between the right versus left sagittal femurs at 
TP1; or between each of these same structures at TP2; or between the right 
versus left feet done at TP3 (See Table 3 and 4 in Results Section). 
If no significant differences are confirmed for each structure that had a 
right and left side, then the means will be calculated for: the foot measurements 
for the right and left at TP1; another mean for the foot measurements for the right 
and left at TP2; and another mean for the foot measurements for the right and 
left at TP3; the coronal femurs from the right and left at TP1; another mean for 
the coronal femurs right and left at TP2; the sagittal femurs from right and left 
TP1; another mean for the sagittal femurs from right and left TP2.  
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Next paired t-tests will be run using: the means of the feet from TP1 
versus TP2; the means of the feet from TP2 versus TP3; the means of the 
Coronal right and left femurs at TP1 versus Coronal right and left femurs  at TP2; 
the means of the Sagittal right and left femurs at TP1 versus the means of the 
Sagittal right and left femurs at TP2.  
Finally, two-tailed paired t-tests using α = 0.05 will be conducted in 
GraphPad Prism Mac Version 6.0c (GraphPad Software, La Jolla California 
USA). The following will be the calculated and reviewed in the results section of 
this study (95% confidence intervals, p-values, t-values, and R2). The above two-
tailed paired t-tests will be repeated. The following additional paired t-tests will be 
run: the Axial TCDs from TP1 versus TP2; the TCDs from TP1 versus TP2; the 
Left Sagittal Femurs measurements TP1 versus TP2; the two Left Coronal 
Femurs measurements TP1 versus TP2; and the Left Feet measurements from 
TP2 versus TP3 (See Tables 3, 4, and 5 for these results; Appendix A for 
example of data).  
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2. Correlation Testing 
Can any relationships between the feet, femurs, and TCD be seen and 
quantified? Note: Hypothesis testing concepts and design from Sullivan, (2011).  
Let H0 = Null Hypothesis 
Let H1 =  Experimental Hypothesis 
Let colon symbol : equal “such that”  
 
Hypothesis and Level of Significance: 
H0:    foot, femur, and TCD lengths are independent 
H1:H0  is false 
α = 0.05 
 
Test Statistic: Pearson Product Moment correlation coefficient aka Pearson's r 
 
Decision Rule: Two-tailed, 95% CI, n = 22; df feet/femurs/TCDs = 20 
If r is close to -1 or 1 reject H0; if r is close to zero there is no relation do not 
reject H0. Assess calculated p-value if < 0.05 more likely to reject H0 without a 
Type I error. Also, review the scatterplots for visual information. 
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 a) Group One: 
Pearson Correlation Coefficient will be calculated using GraphPad Prism 
correlation matrix inputting the means for left feet, means for left sagittal femurs, 
and means for axial TCD in order to assess the possible relationships between 
these structures. 
 
 b) Group Two: 
Pearson Correlation Coefficient will also be calculated using GraphPad  
Prism correlation matrix inputting the means for left feet, the means for left 
coronal femurs, and the means for coronal TCD in order to assess the possible 
relationships between these structures (See Appendix A for a data table). 
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RESULTS 
 
A. Intra-rater Reliability Results 
Two-tailed paired t-tests analyzing the feet separately over the three 
rounds with α = 0.05, n = 25 pairs, df = 24. The following results led to failing to 
reject the null hypothesis (H0) that the groupings means were the same. In other 
words, this implies that we reject the experimental hypothesis (H1) that each 
round of measurements showed mean differences. This is confirmed because 
the calculated t-values were less than t-critical, and r2 < 0.023 is virtually zero. In 
addition, 95% confidence intervals (CI) showed that zero was contained within   
(- 0.5 < CI < 0.5). The p-values were all larger than α = 0.05 which indicates non-
significant differences between the groupings (0.17 ≤ p-values ≤ 0.74). This 
demonstrated that the intra-rater reliability was good, and there was no need to 
repeat another round of any of the foot measurements. 
Table 3 below, shows this information so that it is much easier to see the 
how large each p-value is, and to compare the calculated t-values to t-critical. 
Note this assessment was run on the feet from all rounds of measurements. 
Because the foot measurements were started first the entire sample had the feet 
measured (n = 25). 
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TP1 
Feet 
Left 
 
TP2 
Feet 
Left 
 
TP3 
Feet 
Left 
TP2 
Feet 
(Left + 
Right) 
Means 
TP3 
Feet 
(Left + 
Right) 
Means 
TP3 
Feet 
(Left + 
Right) 
Means 
 
TP1 
Feet 
Right 
 
 
p = 0.46 
t = 0.75 
 
r2 = 0.023 
 
 
 
 
 
-- 
 
 
-- 
 
-- 
 
-- 
 
-- 
 
TP2 
Feet 
Right 
 
 
-- 
 
p = 0.68 
t = 0.43 
 
r2 = 0.0075 
 
-- 
 
-- 
 
-- 
 
-- 
 
TP3 
Feet 
Right 
 
-- 
 
-- 
 
p = 0.17 
t = 1.43 
 
r2 = 0.079 
 
-- 
 
-- 
 
-- 
 
TP1 
Feet 
(Left + 
Right) 
Means 
 
-- 
 
-- 
 
-- 
 
p = 0.44 
t = 0.80 
 
r2 = 0.026 
 
-- 
 
-- 
 
TP1 
Feet 
(Left + 
Right) 
Means 
 
-- 
 
-- 
 
-- 
 
-- 
 
p = 0.33 
t = 1.01 
 
r2= 0.041 
 
-- 
 
TP2 
Feet 
(Left + 
Right) 
Means 
 
-- 
 
-- 
 
-- 
 
-- 
 
-- 
 
p = 0.74 
t = 0.34 
 
r2= 0.0048 
 
Table 3: Paired t-test of Foot Measurements. 
The t-test was done set to two-tailed, alpha = 0.05, n = 25, and df = 24.  
These calculated t-values were less than the critical value of t = 2.064  
Next the 95% CI were approximately (-0.5 < CI < 0.5).  
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Two-tailed paired t-tests analyzing the femurs separately with the two 
views of the measurement plane (axial and coronal) over the two rounds with 
α = 0.05, n = 22 pairs, df = 21. The following results led to failing to reject the null 
hypothesis (H0) that the groupings means were the same. In other words, this 
implies that we rejected the experimental hypothesis (H1) that each pairing did 
show mean differences. This is confirmed because the calculated t-values shown 
in Table 4 were less than t-critical 2.080, and r2 < 0.023 (virtually zero). The 95% 
CI also supported this conclusion as zero was contained within even the widest 
CI of the pairs (- 0.6 < CI < 0.5). The p-values were larger than α = 0.05 with 
(0.18 ≤ p-values were ≤ 0.98) indicating non-significant differences between the 
groupings. This demonstrated that the intra-rater reliability was good, and there 
was no need to repeat rounds of any of the femur measurements (see Table 4). 
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 Table 4: Paired t-test of Femur Measurements. The t-test set for  
 two-tailed, alpha = 0.05, n = 22, and df = 21. These calculated t-values were 
 less than the critical value of t = 2.080 and 95% CI were narrow and 
 contained zero. 
  
 
 
TP1 
Femur 
Sagittal 
Left 
 
TP2 
Femur 
Sagittal 
Left 
 
TP1 
Femur 
Coronal 
Left 
 
TP2 
Femur 
Coronal 
Left 
 
TP2 
Femur 
Sagittal 
(Left 
+Right 
Means) 
 
TP2 
Femur 
Coronal 
(Left + 
Right) 
Means 
 
TP1 
Femur 
Sagittal 
Right 
 
p = 0.244 
t = 1.198 
 
r2 = 
0.0639 
 
 
-- 
 
 
-- 
 
 
-- 
 
 
-- 
 
 
-- 
 
TP2 
Femur 
Sagittal 
Right 
 
 
-- 
 
p = 0.714 
t = 0.371 
 
r2 = 
0.00653 
 
 
-- 
 
 
-- 
 
 
-- 
 
 
-- 
 
TP1 
Femur 
Coronal 
Right 
 
 
-- 
 
 
-- 
 
p = 0.183 
t = 1.38 
 
r2 = 
0.0830 
 
 
-- 
 
 
-- 
 
 
-- 
 
TP2 
Femur 
Coronal 
Right 
 
 
-- 
 
 
-- 
 
 
-- 
 
p = 0.930 
t = 0.0887 
 
r2 = 
0.000375 
 
 
-- 
 
 
-- 
 
TP1 
Femur 
Sagittal 
(Left 
+Right) 
Means 
 
 
-- 
 
 
-- 
 
 
-- 
 
 
-- 
 
p = 0.498 
t = 0.689 
 
r2 = 
0.0221 
 
 
-- 
 
TP1 
Femur 
Coronal 
(Left + 
Right) 
Means 
 
-- 
 
-- 
 
-- 
 
-- 
 
-- 
 
p = 0.982 
t = 0.0230 
 
r2 = 
0.00000251 
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The paired t-test analyses were reconfirmed using GraphPad Prism 
software It was easy transferring data from Excel to Prism. Even more 
straightforward exporting the graphs after adjusting them inside the Prism 
workspace. The user interface in Prism is much easier to work with to get 
projects clearly shown. To be thorough, the next pairs were the left side TP1 
versus the right side TP2 taken from four the four views of the femur, and for the 
three TPs for the feet; lastly the two different views comparing the TCDs to them. 
The following results led to failing to reject the null hypothesis (H0) that the 
groupings means were the same. In other words, this implies that we rejected the 
experimental hypothesis (H1) that each pairing did show mean differences based 
upon the calculated t-values, the large p-values, and the CI containing zero. 
Notice how low the coefficient of variation is (See Table 5). 
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TP2 
Femur 
Sagittal 
Left 
 
TP2 
Femur 
Coronal 
Left 
 
TP2 
TCD 
Axial  
 
TP2 
TCD 
Coronal 
 
 
TP3 
Feet 
Left 
 
TP1 
Femur 
Sagittal 
Left 
 
p = 0.827 
t = 0.221 
 
r2 = 0.00232 
 
-- 
 
-- 
 
-- 
 
-- 
 
TP1 
Femur 
Coronal 
Left 
 
-- 
 
 
p = 0.522 
t = 0.651 
 
r2 = 0.0198 
 
-- 
 
-- 
 
-- 
 
TP1 
TCD 
Axial 
 
 
 
-- 
 
 
 
-- 
 
p = 0.9057 
t=0.1199 
 
r2 = 6.8 x 10-4 
-- -- 
TP1 
TCD 
Coronal 
 
 
-- 
 
-- 
 
-- 
 
p = 0.5509 
t = 0.6061 
 
r2 = 0.0172 
 
-- 
 
TP2 
Feet 
Left 
 
 
-- 
 
-- 
 
-- 
 
 
-- 
 
p = 0.493 
t = 0.697 
 
r2 = 0.0226 
 
 Table 5: Paired t-test of Femur, TCD, and Feet Measurements. 
 The t-test was set for two-tailed, alpha = 0.05, n = 22, and df = 21. 
 Because the calculated p-values were larger than 0.05, and because the 
 calculated t-values were less than the critical value of t = 2.080 and 95% 
 CI were narrow and contained zero. 
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B. Correlation Results 
 
1. Group One 
Pearson Correlation Coefficients were calculated (correlation matrix, two-tailed, 
and α  = 0.05) in GraphPad Prism Mac 6.0c. The results revealed positive 
correlations between the means for: the left feet; left sagittal femurs; and axial 
TCDs (See Figure numbers 9, 10, and 11). 
 
This analysis revealed a very strong positive correlation between 
increases in left feet and increases in left sagittal femurs. This was the strongest 
correlation revealed in this study (See Figure 9). 
 
 
Figure 9: Left Sagittal Femur MRI versus Left Foot Scatterplot 
(r = 0.987, r2 = 0.974, n = 22, df = 20, p < 0.001)  
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The analysis revealed a strong positive correlation between increases in 
left feet and increases in left axial TCDs (See Figure 10). 
 
 
 
Figure 10: Left Axial TCD MRI versus Left Foot Scatterplot  
(r = 0.965, r2 = 0.931, n = 22, df = 20, p < 0.001) 
.  
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This analysis revealed a moderately positive correlation between 
increases in left sagittal femurs and increases in left axial TCDs. This was the 
fifth strongest relationship seen in this study (See Figure 11). 
 
 
 
Figure 11: Left Axial TCD MRI versus Left Sagittal Femur MRI Scatterplot  
(r = 0.933, r2  = 0.871, n = 22, df = 20, p < 0.001).  
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2. Group Two 
 Pearson Correlation Coefficients were calculated (correlation matrix, two-
tailed and α  = 0.05) in GraphPad Prism Mac 6.0c. The results revealed positive 
correlations between the means for: the left feet; left coronal femurs; and the 
coronal TCDs (See Figures 12, 13, 14). 
 
This analysis revealed a strong positive correlation between increases in 
left feet and increases in left coronal femurs. This was the second strongest in 
this study (See Figure 12). 
 
 
 
Figure 12: Left Coronal Femur MRI versus Left Foot Scatterplot  
(r = 0.966, r2 = 0.972, n = 22, df = 20, p < 0.001).  
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This analysis revealed a moderately strong positive correlation between 
increases in left feet and increases in coronal TCDs. This correlation was the 
third highest in this study. (See Figure 13). 
 
 
 
Figure 13: Coronal TCD MRI versus Left Foot Scatterplot  
(r = 0.950, r2  = 0.903, n = 22, df = 20, p < 0.001).  
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This analysis revealed a positive correlation between increases in left 
coronal femurs and increases in coronal TCDs. In many studies r = 0.9 is 
considered very strong positive relationship, however, this was the least strong 
correlation result in this study (See Figure 14). 
 
 
 
Figure 14: Coronal TCD MRI versus Left Coronal Femur MRI Scatterplot  
(r = 0.906, r2 = 0.821, n = 22, df = 20, p < 0.001). 
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 Direction of Pearson's correlation coefficient: with a negative association 
between two variables, as one varies increasing in a positive direction the other 
decreases this is called an inverse relationship. For example, if you studied a 
curable disease, and charted the days a patient took a medicine, days would be 
increasing over time; where as, illness symptoms would be reducing over time. 
Because Pearson's r can be any number between negative one and one, r can 
also be zero. Which means that means there is no association between the two 
or more variables. A scatterplot of this would not have a tendency to go from the 
top left corner diagonally down to the bottom right as a strong negative 
correlation would. There would be many points plotted but no clear direction or 
intensity either. 
 Magnitude of Pearson's correlation coefficient: refers to how close each of 
the variables vary together. This is quantified with the correlation coefficient or r 
being closest to 1 the strongest positive relationship, and the closest to negative 
one is the strongest negative relationship. In addition to the r-value, researchers 
must also evaluate that the p-value that indicates that the results are not up to 
chance alone. Looking at the scatterplots is helpful. In addition, seeing a group 
ordered from high to low strength can give a broader picture. The chart below is 
arranged with the strongest correlation at the top of the chart. 
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Table 6: Strength and Direction of Correlation Results 
Pearson’s correlation, df = n – 2, two-tailed;  df = 20; The strongest relationship 
is at the top. Going down the rows to the least strong at the bottom. All the 
variables had a positive correlation. 
Note: all these are considered very strong because the r is close to 1, and 
supported with  p-values < 0.001 that were very small virtually zero. 
 
 
Assumptions: 
Data 
approximately 
Normal 
Distribution 
 
Both variables 
are measured i.e. 
dependent. 
They vary linearly  
Pearson's 
correlation 
coefficient, 
r 
Closer to -1 or 1 
shows stronger 
relationship (linear 
association) 
If p-value below 
is 
 
 p < 0.05 
 
then the null 
hypothesis can 
be rejected that 
the structures are 
not related. 
Coefficient of 
Determination 
 
r2  
expresses the 
fraction of 
variance 
explained by the 
other variable. 
 
Figure 9  
Left Sagittal 
Femur MRI 
versus Left Foot 
r = 0.987   p = 2.77x10-17 
 
r2  =  0.974 
Figure 12  
Left Coronal 
Femur MRI 
versus Left Foot  
r = 0.966 p = 4.35 x 10-17  r2  = 0.972 
Figure 10  
Left Axial TCD 
MRI versus Left 
Foot 
r = 0.965 p = 3.88 x 10-13  r2  =  0.931 
Figure 13 
Coronal TCD MRI 
versus Left Foot  
r = 0.950 p = 1.35x10-11 r2 = 0.903  
Figure 11  
Left Axial TCD 
MRI versus Left 
Sagittal Femur 
MRI  
r = 0.933 p = 2.54 x 10-10  r2  = 0.871 
Figure 14 
Coronal TCD MRI 
versus Left 
Coronal Femur 
MRI  
r = 0.906 p = 6.56x 10-011 r2 = 0.821  
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DISCUSSION 
 
 
A. Critique 
 
In the present study it was vital to select brain and hard tissue structures 
that had been researched, and used in both the clinical, research, and forensic 
settings to assess normal fetal growth patterns. Using this information we sought 
to assess if there were linear relationships among these formalin-fixed structures. 
After establishing that a few fetal specimens could be successfully imaged 
i.e. that the fixed-tissue still gave MR images with good C/N, spatial resolution, 
and S/N. It was first necessary to determine the optimum approach for obtaining 
a uniform MRI protocol. This addressed the issues we had with most MRI 
artifacts. Getting the best signal we could from the head coil meant carefully 
packaging each specimen, centering it prior to the scanning session. Individual 
specimen scan times changed with size. The protocol called for 30 minutes per 
specimen. However, packaging, and transferring added to that time. Keeping as 
close to the final MRI protocol was crucial for all 25 scans. 
The next issue was learning how to accurately make the anthropometric 
measurements, and complete them reproducibly. Thus it took the first round of 
measurements to learn the new skills, and TP2 and TP3 to get two additional 
rounds of measurements that did not significantly differ demonstrating good intra-
rater reliability. 
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 The final step was to obtain the MRI Multiplanar Reconstructions as 
consistently as possible. Attention to details led to a good intra-rater reliability 
outcome. 
Because of time constraints, only one direct anthropometric measurement 
was analyzed — the foot. Additional anthropomorphic measurements were taken 
but not analyzed: mass, crown to rump length, and sitting height (as per Streeter, 
1920). These will be assessed in future studies. 
Since early brain development is a moving target the concern was 
whether these specimens were old enough to detect a measurable brain 
structure within a large proportion of the sample. In the early stages of planning 
this study, more than one brain structure was considered for selection.  
First, the corpus callosum was considered but this fetal biometrics structure only 
begins become visible in MRI by the twentieth week of gestation (Glenn and 
Barkovich 2006; Glenn 2009) even though it begins development at 8 to 17 
weeks gestation. Even then the corpus callosum appears as hypodense structure 
that is harder to delineate than the TCD. Therefore many of the specimens in this 
study, the corpus callosum was less likely to be clearly visible.  
There was also a consideration towards selecting the hippocampus, 
however, the degree of resolution needed to articulate the subtle changes in 
angle also made that structure not of use to this particular study. 
The cerebellum proved to be a good choice as it was possible to get MR 
images of the cerebellum in all but one out of twenty-five specimens. Namely 
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specimen 10, which did not have a cerebellum visible on MRI, had a 
homogenous brain presentation, and no regular neuroanatomy present. It is 
actually surprising that only three specimens were excluded. Considering that it 
was a huge chance to image a sample that had no medical history. 
Specimen number 12 was interesting in that it did present with somewhat 
bar belled shaped cerebellum as per the figures in the paper by (Hansen, P.E. et 
al.,1993) this implies it was somewhere between 11 and 16 GW. Notice that the 
fluid signal is absent from the borders of the cerebellum. The head had visible 
damage that perforated the posterior fossa. The mass of this specimen was 
much lower after being scanned due to loss of fluid. (See Figure 15). 
 
 
 Figure 15: Younger Presentation of Cerebellum  
 Fetal Specimen Number 12 did not fit the TCD pattern.  
 There were also issues due to a perforated posterior fossa.  
 Axial TCD length is 12.2 mm.  
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It would be interesting to find ways to image smaller fetuses. The case of 
specimen 12 is brought up to show that there are many areas to explore in future 
studies. 
At the outset the foot was considered “less shrinkable” than surrounding 
soft structures. However, a review of the literature revealed additional details. 
Krakow et al., (2009) state that the “metacarpals and metatarsals are ossified by 
12-16 weeks.” Schumacher et al., (2010) state that these bones present in the 
feet around 12 weeks. An excerpt from the book Fetal Radiology: A Diagnostic 
Atlas by Schumacher et al., (2010) they suggest that the foot takes longer to 
ossify than the hand. For example they state, “In week 19 the calcaneus is visible 
in about 13% of fetuses." The foot has a long history of usefulness. It would be 
interesting to see what has been done with the hands, and perhaps compare to 
the measures we have in a future study.  
The femur proved very easy to see in most of the specimens. There was 
only one specimen that we could not get clear diaphysis cartridge borders 
measurements. The femurs got the strongest correlations in relation with the foot. 
The strong positive relationships among the structures in this study (strongest 
first): Sagittal Femur MRI versus Foot (r = 0.966); Coronal Femur MRI versus 
Foot (r = 0.966); or Coronal TCD MRI versus foot (r = 0.950); or the Axial TCD 
MRI versus the Sagittal Femur MRI (r = 0.933); or the Coronal TCD MRI versus 
the Coronal Femur MRI (r = 0.906) (See Table 6). 
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B. Limitations of this Study  
One concern was how to address concerns regarding shrinkage of the 
studied fetal structures due to many decades of formalin. The work of Schultz 
(1919) with human and pig fetuses showed shrinkage in sitting height, and 
increases in head length and breadth after nine months in fixation. However, in 
the case of weight Schultz noted normalization by the end of the study. What 
other structures could normalize after even longer storage in formalin? More 
analysis could be done if additional studies are ever conducted. 
We used very old source material both because it was available, and to 
attempt to use appropriate sources for the era the specimens were from. 
Learning more about the growth challenges faced which differ from the 
specialized pre-natal care of the current century. Mean size of a human fetus has 
changed over the past three centuries. Survival of premature infants is a modern 
miracle not afforded or possible 60 to 100 years ago. These specimens came 
from a time period pre-dating specialized fetal care, and modern medicine. These 
types of population differences need to be addressed in future studies.  
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CONCLUSION 
 
The first goal of this study was achieved by showing that the 
measurements of the TCD, left femurs, and left feet showed significant positive 
correlation. This correlation establishes that the fetal specimens have maintained 
integrity of relationships in at least three structures.  
The second goal was reached by noting that both the MRI and 
anthropometric measurements had extremely strong positive correlations. The 
very strong correlation between the MRI measured structures (Sagittal Femur; 
Axial TCD), and the anthropometrically measured feet show that both these 
measurement combined gave evidence to accept that the fetal collection 
specimens’ structures have not been correlated by chance alone. This study 
demonstrated that the brain, femur, and foot measurements had a significant 
positive correlation with each other. This study filled a partial void in the fetal 
imaging, and fetal pathology research, which did not show overt correlations 
between the fetal structures (see citations listed in the Introduction).  
The results from this thesis also suggest that these specimens warrant 
further study. The next study will be to use these MRI and anthropometric 
measurements to see whether the correlation holds when an estimated 
gestational age is calculated for each structure with MRI and US charts for 
growth by Tilea et al., (2009); using the US charts given by Verburg et al., (2008); 
as well as the foot charts given by Mandarim-de-Lacerda (1990) and the charts 
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from Hansen, K. et al., (2003) which are included in many medical examiner 
reference charts like the ones in the book Autopsy Pathology A Manual And Atlas 
by Finkbeiner et al., (2009). With this information it will be interesting to find if the 
additional collected anthropomorphic data for: masse, crown to rumps length, 
and biparietal diameter will correlate with the structural measurements we have 
reported in this study.  
Another study is being planned to compare these MRI femur lengths to 
Computed Tomography femur lengths. To see whether the two methods are 
significantly different. 
Possible future studies could be done to compare fetal femur MR images 
to histology assessments to determine whether it is possible to use MRI to detect 
the difference between calcified hyaline cartilage and bone deposited below the 
periosteum.  
Another study could be to repeat the experiment run by Croft et al., (1999) 
using the sample from this thesis, acquiring US results, then comparing 
gestational aging estimates using three methods (US, MRI, and Anthropometric). 
Their study has parallels with this study since both are based on archival 
collections lacking provenience. Therefore it would be very helpful to see how the 
results from Boston University School of Medicine would compare with the 
results given by Croft et al., (1999). 
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There are many possibilities for further research in part because of the 
drive many students and faculty have to explore; and understand this unique 
fixed-human fetal collection better. So many ideas have arisen while having the 
great opportunity to study this collection. Maybe the fact that there is a dearth of 
medical and curation history engenders more drive and incentive to discover 
more about these specimens?  
Many areas can be explored: determined scientific inquiry; educational 
applications; forensic applications; as well as other combinations that will lead 
more students to a deeper understanding, and appreciation for developmental 
anatomy education and research.  
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